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The repeated application of fungicides throughout the growing season has been the major, if not sole, approach to managing apple scab, caused by Venturia inaequalis (Cooke) G. Wint. (36) . During the late 1880s, growers and horticulturists apparently thought that overwintering scabbed leaves somehow contributed to the development of scab lesions in early spring, because raking and burning leaf litter or treating it with a chemical was recommended in addition to fungicide applications (53, 54, 57) . However, it was not proven experimentally that leaf litter was the source of primary inoculum until near the end of the nineteenth century (1) (2) (3) , and it was not until 1924 that a study designed to relate the effect of sanitation practices on scab buildup was published (10) . The study, in New Zealand, demonstrated that plowing combined with a reduced lime-sulfur program reduced scab by approximately 84%. A South African study published in 1948 (34) reported similar results: plowing in combination with four summer fungicide sprays reduced leaf scab 75% and fruit scab 40% compared with scab development on trees in an unplowed block that had received the four summer sprays.
The potential of chemicals to eradicate or reduce the overwintering stage of the apple scab pathogen in the leaf litter has been investigated in numerous studies worldwide. The most intensive sanitation research was by Keitt et al. (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) in Wisconsin and Palmiter (50) (51) (52) in New York from the late 1920s to the early 1940s. Many of the eradicant treatments reduced the ascosporic inoculum over 90%, but even the most effective eradicants did not eliminate the need for fungicide applications, which was the goal of the sanitation research. Apparently, when the investigators felt this goal could not be achieved, the programs shifted to efficacy trials of the new organic fungicides then being developed.
A few studies (15, 16, 21, 50) tested chemical eradicants for their potential to reduce the number of seasonal fungicide applications to control scab, and they all demonstrated that sanitation has the potential to reduce fungicide dose. In Delaware, a ground treatment of 40% dinitro-orthocresolate (DNOC) or a mixture of sodium nitrate and calcium arsenite in early spring in orchards severely infected the previous year was equal in efficacy to three fungicide sprays applied during the growing season (21) . These chemicals are not acceptable today because of their harmful effects on nontarget organisms; nevertheless, they demonstrated that reducing the overwintering stage of the pathogen reduces the amount of fungicide needed to control scab during the growing season.
Surfactants, lime, and fertilizers were also investigated for their eradicant potential (7, 20, 43, 45) , and urea was the most effective. Urea applied to trees in autumn before leaf fall or to the leaf litter in autumn or spring before bud break reduced the ascosporic inoculum 50 to 96%. The authors are aware of only two studies that considered the potential of a urea treatment to reduce primary scab lesions. In England, one-half of two large, severely scabbed Bramley orchards received a postharvest, pre-leaf fall application of 5% urea, and lesions on blossom-spur leaves on the treated trees were reduced by 59 and 46%, respectively, the following spring (6) . In France, severely scabbed (>30% foliar scab) Golden Delicious and Starking Delicious trees sprayed with 5% urea after harvest but before leaf fall had 1% foliar scab at the end of the primary season the following spring (5) .
Researchers made no distinction between the high ascospore dose in research orchards used in the sanitation research and the low ascospore dose in commercial orchards, and that may explain why sanitation practices, even practices that reduced primary inoculum 99%, have not been widely endorsed for inclusion in scab management programs. One reason inoculum dose was not considered is that there was no procedure to quantify the ascosporic inoculum in an orchard until 1986 when Gadoury and MacHardy (14) published a procedure for predicting potential ascospore dose (PAD). PAD was calculated for high-inoculum research orchards and for commercial orchards where scab was wellor moderately controlled, and subplots in each orchard that had received different dosages of fungicide were compared for scab incidence and severity (15, 40) . It became clear that reducing the ascosporic inoculum as much as 99% by sanitation in a high-inoculum orchard would not be sufficient to warrant eliminating any fungicide sprays the following season. It was also apparent that one to several early-sea-son fungicides could be eliminated in orchards that had been well-controlled for scab and that sanitation could eliminate the need for one or more fungicide treatments in orchards that had been moderately controlled for scab. A second reason sanitation has not been more widely incorporated into scab management programs is that there was no economic justification for the cost of a sanitation practice, but that is no longer true. A sanitation action threshold has been proposed for orchards moderately managed for scab in which sanitation eliminates the need for one to several early-season fungicide applications (37, 41) .
Except for the two limited studies in England and France discussed above, we are not aware of any published study that investigated the potential of a urea treatment in autumn or before bud break to reduce the number of lesions that developed on unprotected trees. Nor, to our knowledge, has the potential of shredding the leaf litter or combining two sanitation practices to reduce the overwintering population of the apple scab pathogen been investigated.
In this study, we investigate the potential of the following sanitation practices to reduce the amount of leaf litter, primary inoculum, and scab lesions on leaves and fruit: (i) treat apple trees with urea in autumn before leaf fall, (ii) treat the leaf litter with urea in autumn and/or spring, (iii) shred the leaf litter in autumn and/or spring, and (iv) a combined autumn leaf shredding and post-leaf fall urea treatment. Preliminary reports have been published (37, 41, 56) .
MATERIALS AND METHODS
Large-plot study. Large-plot sanitation studies were conducted in two research orchards at the University of New Hampshire and six commercial orchards in New Hampshire and Maine from 1986 to 1990. The orchards and abbreviations used throughout the text were the Mast Road Orchard, Durham, NH (MR), Woodman Farm, Durham (WM), Applecrest, Hampton Falls, NH (AC), Moose Hill, Londonderry, NH (MHI, MHII, MHIII), Gould Hill, Contoocook, NH (GH), Avalock West, Boscawen, NH (AW), Brookdale, Hollis, NH (BR), and Kelly, Acton, ME (KY). Selected blocks were predominantly plantings of McIntosh and Cortland on semidwarfing rootstock. A split-block experimental design was used, with subplots ranging in size from 0.25 to 1.3 ha.
Sanitation treatments, large-plot study. Two sanitation practices were evaluated: (i) treating leaves with a 5% urea solution (50 g of agricultural grade urea in 950 ml of water) at a rate of 935 liters/ha and (ii) shredding fallen leaves. The urea solution was applied to the orchard floor after ca. 95% of the leaves had fallen or in spring before bud break. Autumn urea treatments in 1988 were applied with a Mighty Mac boom sprayer (Model PS-350T, Amerind-MacKissic Inc., Parker Ford, PA). The spring urea treatment in 1990 was applied with a Kinkilder air-blast sprayer (D. E. Kinkilder B.V., Zevenaar, Holland) with the nozzles directed toward the ground. A Seppi M flail mower (Model SMO 200, Seppi M., Eppan, Italy) was used in all shredding trials except at the BR site in 1988, where a Perfect flail mower (Van Wamel, Benedenleevwen, Holland) operated by the grower was used. In 1986 and 1987, leaves were windrowed with a Girdrami brush rake (Borello Inc., Saviglieno, Italy) prior to shredding. In 1988 and 1990, a leaf sweeper attachment for the Seppi flail mower windrowed the leaves as they were being shredded. The offset of the Girdrami brush rake was approximately 0.5 m greater than the offset of the Seppi mower and removed an estimated 25 to 75% of the leaf litter from the area swept. For determining the percent leaf litter treated, it was assumed that 25% of the leaf litter remained in the area of the orchard floor swept with the brush rake. The Seppi brush rake attachment removed an estimated 50 to 100% of the leaf litter from the area swept. For determining the percent leaf litter treated, it was assumed that all the leaf litter in the area swept by the brush rake was shredded.
Quantifying the leaf litter. Shredded leaf pieces were large enough to be measurable with the point-intercept method of determining leaf litter density (LLD) (14) , so the loss of leaf litter in shredded plots was determined by comparing the LLD within treated and untreated subplots in spring before bud break. In 1989 and 1990, the technique reported by Gadoury and MacHardy (14) was modified so that the transect from the base tree passed through the adjacent row to a tree in the next row.
Determining sanitation potential if all leaf litter were shredded. Not all of the leaf litter in an orchard was shredded because of the limited offset of the flail mower and spread of the tree canopy at tractor height. To estimate the percentage of the leaf litter shredded, the area of the orchard floor that was raked and the width of the in-row area not reached by the rake or flail mower were determined, and Table  1 was consulted. The total leaf litter minus the percentage of the leaf litter remaining in the raked area and the area not reached by the rake or flail mower was the estimated percentage of leaf litter shredded.
An estimate of the potential of autumn leaf shredding to reduce the leaf litter, ascospores, or lesion severity if all leaf litter on the orchard floor had been shredded was calculated by the following equation:
where R is the percent reduction in amount of leaf litter, ascospores, or lesions in the shredded plot, T is the percent leaf litter shredded in the treatment plot, and P is the estimated potential reduction if all of the leaf litter were shredded. R and T are known, so solving for P, the equation becomes
Determining sanitation potential to reduce relative ascospore dose, largeplot study. Relative ascospore dose (RAD) is the total concentration of ascospores per cubic meter of orchard air over the course of the primary (ascospore) season (19) . The effect of sanitation treatments on RAD was determined at sites MR, AC, and KY by placing four or six volumetric spore traps (59,60) a minimum 10 m apart within the center of each treatment and check subplot. The spore trap consisted of a 12-V DC blower motor (Herbach and Redemen Co., Mt. Laurel, NJ) mounted within a 5cm-diameter polyvinyl chloride (PVC) pipe that drew air through a 2 × 20 mm orifice. Airborne spores impacted on a glass slide mounted in the pipe 1.5 mm below the orifice. A 12-V battery charger converted the AC power supply available in the orchard to DC. A Variac transformer (Superior Electric Co., Bristol, CT) regulated the current to the battery charger, and this allowed the voltage output to the traps to be adjusted and kept constant at a level that powered the DC blower to pull air through the traps at 18.5 ± 0.75 liters/min. This sampling rate provided an air flow velocity through the collection orifice of 7.7 m/s. According to the model for determining impaction efficiency of spore traps described by May (42) , this sampling rate would result in nearly 100% impaction of particles the size of V. inaequalis asco- spores. Airflow through the traps was determined with a Kurz Mini Anemometer (Series 490, Kurz Instruments, Carmel Valley, CA). Trap operation was controlled in the field by a hemp string leaf wetness indicator (LWI) (39) . When wet, the hemp string tightened to complete an electric circuit from a 12-V battery to a solid state relay that allowed current to flow to the Variac transformer and activate the traps. Operation of the traps was restricted by a 24-h day/night timer to between 0700 and 1900 h, the time of day when >90% of the ascospores are discharged over a season (38) . The LWI was also attached to a modified hygrothermograph (39) that provided a record of the hours of trap operation so that the total volume of air sampled for the trapping period could be calculated. The glass slides were removed from the traps at 1900 h on each day spores were collected. The slides were then labeled and the spore deposits sealed with a coverslip mounted in a gelvatol solution (35 g of grade Gelvatol dissolved in 100 ml of distilled water and 50 ml of glycerol) and stored for later counting.
The number of ascospores collected on each slide was estimated by counting at ×400 all ascospores within 10 transects perpendicular to the 22-mm axis of the spore deposit. The first transect was 2.0 mm from one end of the spore deposit, with subsequent transects spaced 1.5 mm apart. The area examined was approximately 20% of the deposit. The total ascospores collected was estimated as
where X is the estimated total ascospores per slide and Y is the number of ascospores counted. Hirst (19) calculated RAD by summing all the hourly spore densities for the primary (ascospore) season derived from a continuous-recording spore trap. The trap used in the present study was not the continuous-recording type; however, it sampled air at a known rate, i.e., 1.1 m 3 /h, so mean hourly ascospore densities for each trapping period could be approximated by dividing the total spores trapped by the number of hours the traps were in operation. The RAD was then calculated by summing the approximated hourly ascospore densities for all trapping periods.
Disease assessment. The seasonal fungicide program to manage scab in each orchard was determined by the grower except that the first fungicide spray was delayed until the green tip, pink, petal-fall, or fruit-set stage of fruit bud development in the center of the treated and untreated check plots. The delayed-first-spray plots consisted of 40 to 200 trees. Delaying the first spray resulted in trees being unprotected by fungicide for one to six infection periods and, thus, provided a useful means to determine the effectiveness of sanitation in reducing scab lesions in the absence of early-season fungicide protection.
Disease severity was assessed soon after petal-fall each year. Leaves on 50 randomly selected extension shoots and 50 fruit clusters per tree on four trees, or leaves on 20 randomly selected extension shoots and 20 fruit clusters per tree on 8 or 10 trees, were assessed in each plot. The number of trees examined depended on the size of the plot and the number of trees the grower was willing to subject to a delayedspray program. All scab lesions observed on the leaves examined in a plot were recorded and the total expressed as disease severity. The effect of sanitation on the buildup of diseased fruit was determined by examining 200 to 500 fruit in delayedfirst-spray and check plots just prior to harvest. Each fruit examined was recorded as scabbed or healthy and the percentage of scabbed fruit expressed as disease incidence.
Seedling study. The effectiveness of autumn leaf shredding in lowering disease incidence and severity was evaluated by comparing lesion severity on leaves on potted seedling trees placed within treated and untreated plots during three rain events at the MR site in 1987 and five rain events at the AC site in 1988. On each day, 12 potted, 3-month-old McIntosh apple seedlings were placed in each treated and untreated plot at 0700 h, removed at 1900 h, and placed in a mist chamber maintained at 20 to 22°C for 24 h to allow infection to continue under conditions of continuous leaf wetness, and finally placed outdoors to incubate under natural environmental conditions. Disease severity on the 12 seedlings from each plot was determined 5 days after the first lesion was observed on a set of seedlings.
Statistical analysis. The effect of autumn sanitation treatments on LLD, RAD, scab severity on leaves of orchard trees and seedlings, and the incidence of scabbed fruit was assessed by analysis of variance (ANOVA) using individual sites (replicates) as a blocking factor. Data on the incidence of scabbed fruit was subjected to arcsine transformation prior to analysis. In order to stabilize site-to-site variation, data on LLD, severity of foliar scab, and incidence of scabbed fruit were logarithmically transformed before ANOVA. Significant differences between treatments were determined at P = 0.05 and P = 0.10 using a standard F test. Spring sanitation treatments were not replicated; therefore, statistical analyses were not possible.
Small-plot study. A small-plot study was conducted at the University of New Hampshire's Woodman Research Farm and Mast Road Orchard in Durham in 1989 to 1990 and at the Kingman Research Farm in Madbury from 1992 to 1996. Three sanitation practices were evaluated: (i) shred the leaf litter with a Seppi M flail mower in autumn and/or spring, (ii) treat trees with a 5% urea solution in autumn prior to leaf fall, and (iii) treat fallen leaves with a 5% urea solution in autumn after approximately 95% leaf fall or in spring before bud break.
Sanitation treatments, small-plot study. In 1989-90, the first year of the study, the effect of an autumn pre-leaf fall application of urea and a spring application of urea on ascospore dose was evaluated on severely scabbed leaves placed equidistant from each other within 50-cmsquare frames placed on a sod field. In the pre-leaf fall urea treatment, three McIntosh trees at the Mast Road Orchard were sprayed with the urea solution on 12 October 1989 with a Solo airblast sprayer (Model 419/32, Solo Kleinmotoren, Sindelfingen, Germany). On 19 October 1989, 150 severely scabbed leaves, i.e., >10 visible lesions per leaf, were collected from the sprayed trees and placed in hardware cloth cages for overwintering on the orchard floor. A set of 150 severely scabbed leaves collected from three unsprayed trees and overwintered similarly served as a check. The leaf surface exposed on each leaf during overwintering was marked for future reference when the leaves were placed within the wooden frames, as pseudothecia emerge on the leaf surface exposed during overwintering (13) . On 24 April 1990, the cages were collected and four sets of 16 urea-treated leaves were selected at random. Each set was placed in a separate frame, as described above. Overwintered untreated leaves were selected and placed in the wooden frames as described for treated leaves. In the spring urea trial, 128 severely scabbed leaves were collected from beneath unsprayed McIntosh trees at the Mast Road orchard on 24 April 1990. The leaves were divided into eight sets of 16 leaves, and each set was placed under a wire mesh frame. On 2 May 1990, four frames were selected at random, and the area within each frame was uniformly sprayed with 23 ml of a 5% urea solution (equivalent to 935 liters/ha) with a hand-held spray bottle. The remaining four frames served as unsprayed check plots. During a rain event, ascospores were collected from a shelter spore trap placed in the center of each plot.
In 1992 to 1996, the small-plot study was conducted at the Kingman Farm research orchard. In post-leaf fall urea treatments, a wooden frame was placed 0.75 m from the base of a McIntosh tree and the area within the frame sprayed with the urea solution, as described above. Each plot in the leaf-shredding study was 2 × 5 m centered on a McIntosh tree. A completely randomized block design was used each year, with each treatment and untreated check plot replicated four times.
Determining sanitation effect on relative ascospore dose. An enclosed shelterspore-trap ( Fig. 1 ) was developed to collect ascospores discharged from a 0.25 m 2 sampling area within a treatment or check plot. A wire-mesh screen stretched over a wooden frame prevented leaves from moving into, or out of, the sampling area (Fig. 2) . The shelter was an A-framed structure 50 cm 2 at the base and 35 cm high with Plexiglas side panels to allow light to enter the shelter. An impactiontype spore trap was inserted through a 5cm hole drilled in the center of the top brace of the shelter and positioned so that the trap orifice was 25 cm above the ground. The shelter-spore-trap consisted of a 12-V DC blower motor (Herbach and Radman, Mt. Laurel, NJ) housed within a 20-cm length of 5-cm-diameter schedule 40 PVC pipe with one 60° and one 90°P VC fitting attached to the exhaust end of the trap to prevent rain from entering the trap. Air was drawn through a 2 × 20 mm beveled orifice milled into a 5-cm-diameter PVC end cap. Airborne spores drawn through the orifice were deposited onto a 25 × 75 mm glass microscope slide positioned 1.5 mm above the orifice. The air flow rate through a trap was determined with a Kurz Mini Anemometer. All traps were calibrated to operate at 12 liters/min, and air velocity through the orifice at this sampling rate was 7.0 m/s. DC power was supplied to the traps through a 12-V battery charger. Voltage output of the battery charger to the traps was regulated by a Variac transformer, as described above.
The shelter-spore-trap was adjacent to the sampling area except when spores were collected. When the leaf litter became thoroughly wetted by rain, the shelter traps were placed on the wooden frames, the spore traps were turned on, and ascospores were collected for 4 to 12 h during the daytime. When the sampling period ended, the glass slides were removed from the traps and the spore deposits sealed in gelvatol solution and stored for later counting as described above.
Statistical analysis. A treatment effect on ascospore dose was evaluated using ANOVA. Because standard deviation increased as the treatment mean number of ascospores increased, the data on ascospore collections were logarithmically transformed prior to ANOVA. Significant differences in ascospores trapped between treatment plots and check plots were determined at P = 0.05 and P = 0.1 using a standard F test.
RESULTS
Urea treatment: reduction in ascospores. In the large-plot study ( Table 2) , urea applied in spring before bud break in 1990 at the KY site reduced the RAD by 74%. In a 1-year trial in the small-plot study ( Table 3) , urea applied to trees on 12 October 1989, before leaf fall, reduced the number of ascospores trapped by 97%. In a 2-year trial, urea applied to the leaf litter on 8 November 1993 and 16 November 1995 (when approximately 95% of the leaves had fallen) reduced the number of ascospores trapped by 42 and 58%, respectively. In a 5-year study, urea applied to the leaf litter in spring reduced the number of ascospores trapped by 44 to 86% (average reduction 70%).
Urea treatment: reduction in amount of leaf litter and lesions ( Table 2) . Urea applied to the leaf litter in autumn at the AW site in 1988 did not reduce the amount of leaf litter before bud break, nor did it significantly reduce foliar lesion severity on orchard trees. Urea applied in spring at the KY site in 1990 reduced the number of lesions on leaves 80% and the incidence of scabbed fruit 41%.
Leaf shredding: reduction of ascospores. In the large-plot study (Table 2) , the RAD was reduced 54 and 56% in plots where leaves were shredded in autumn at the MR and AC sites, respectively. In a 4year study in the small-plot orchard (Table  3) , the reduction in number of ascospores trapped (i) ranged from 34 to 91% (average reduction 72%) in plots shredded in autumn when 95% of the leaves had fallen, (ii) ranged from 50 to 85% (average reduction 75%) in plots shredded in spring before bud break, and (iii) ranged from 57 to 89% (average reduction 78%) in plots shredded in autumn and spring. The reductions were significant at P = 0.05, with the Figure 1 was placed on frame during rain events, and spore trap was activated to collect airborne ascospores of Venturia inaequalis discharged from scabbed apple leaves under wire mesh. exception of the autumn 1991 leaf shredding treatment.
Leaf shredding: reduction in amount of leaf litter and lesions ( Table 2) . Shredding the leaf litter in autumn significantly (P = 0.05) reduced the amount of leaf litter, foliar lesions on trees, and the incidence of scabbed fruit by 52, 65, and 46%, respectively. The reduction in amount of leaf litter ranged from 38 to 73%, the reduction in the severity of foliar lesions ranged from 29 to 100%, and the reduction in the incidence of scabbed fruit ranged from 15 to 71%. The number of lesions on seedlings placed in the plots where leaves were shredded in autumn was reduced by 33, 71, and 82% for the three exposure dates at the MR site, and by 43, 66, 66, 77, and 84% for five exposure dates at the AC site. The reduction in number of lesions for all exposure dates at the MR and AC sites averaged 77 and 66%, respectively. Shredding the leaf litter in spring at the KY site in 1990 reduced the number of lesions on leaves by 80% and the incidence of scabbed fruit by 63%.
The potential of shredding to reduce the number of ascospores and lesions if all leaf litter were shredded. The percent leaf litter shredded at the nine sites ranged from 65 to 95%. It is estimated that shredding all of the leaf litter in autumn at the six sites would have reduced the amount of leaf litter, the number of lesions on leaves, and the incidence of scabbed fruit by 69, 79, and 59%, respectively. At the MR and AC sites, it is estimated that shredding all of the leaf litter in autumn would have reduced the number of ascospores and the number of lesions on seedlings placed in the shredded plots by 71 and 92%, respec-tively. Each reduction can be considered a measure of the reduction of risk of primary scab resulting from shredding the leaf litter in autumn, and considered collectively, shredding the entire orchard floor in autumn is estimated to have the potential to reduce the risk of primary scab by 77%.
Combined leaf shredding and urea treatment: reduction in amount of leaf litter and lesions ( Table 2) . Urea applied to the leaf litter in autumn before shredding at the AW site in 1988 did not result in a greater reduction in amount of leaf litter than the reduction caused by shredding. The combined treatment reduced lesion severity and the incidence of scabbed fruit 42 and 65%, respectively, compared with 29% lesion severity and 75% incidence of scabbed fruit in the plot that had received only the shredding treatment.
DISCUSSION
Urea treatment: reduction of ascospore dose, leaf litter density, and lesion buildup. In the small-plot study, urea was most effective when applied to the trees in autumn before leaf fall, and the percent reduction in number of ascospores trapped was comparable to the percent reduction in the number of pseudothecia or ascospores reported in several other studies (6, 8, 9, 11, 17, 44, 46, 55, 58) . The treatment was not repeated because of grower concern that urea applied to the trees in late autumn may result in nitrogen accumulation in buds at a level that may stimulate new growth resulting in winter injury under some conditions. We are not aware of any published data to support this idea. Oland (49) found no evidence that urea was injurious, but considering that winter conditions in England may have been less severe, we decided to evaluate other treatments. However, the nearly complete elimination of ascospores collected from leaves sprayed with urea while on the tree warrants further testing of this treatment, in conjunction with a study investigating the potential effect of autumn applications of urea on tree hardiness.
A post-leaf fall treatment of urea was usually more effective when applied in spring, and the percent reduction in ascospores trapped was similar to the reduction in pseudothecia or ascospores reported for a spring urea treatment in other studies (6, 18, 44) . The two least effective spring urea treatments were in 1993 and 1994. Snow cover through much of the winter in 1993 and 1994 that did not disappear until shortly before the sanitation treatments may somehow have contributed to the poor performance, although the snow cover did not appear to have a negative impact on the performance of the leaf shredding treatment those 2 years. The post-leaf fall autumn urea treatment was the least effective of all treatments tested, with the results showing that applying urea to the leaf litter after leaf fall in the northeastern United States would reduce the risk of primary scab approximately 50%.
In the large-plot study, applying urea to the leaf litter before shredding in autumn in 1988 did not improve on the performance of shredding alone, and the results are suggestive that the combined autumn treatment would offer no advantage over shredding. However, the combined treatment was evaluated only once, so it should be repeated before ruling out this treatment. Burchill (6) in England, reported that the Table 2 . Large plot study: percent reduction in leaf litter density, relative ascospore dose of V. inaequalis, severity of scab lesions on leaves of potted seedlings placed in orchard during rain events, severity of scab lesions on orchard leaves, and preharvest incidence of scabbed fruit resulting from sanitation practices aimed at reducing the amount of ascosporic inoculum v Act. = actual: percent reduction determined from percent leaf litter shredded. Pot. = potential: percent reduction if 100% of the leaf litter was shredded. w Percent reduction in severity of foliar scab on trees that did not receive their first fungicide spray until after 1-6 infectio n periods had occurred.
x AS = autumn shredding; AU = autumn urea; SS = spring shredding; SU = spring urea. y Reduction significant at P = 0.05 by ANOVA blocked by orchard. z Reduction in a single nonreplicated trial. effect of urea on ascospore productivity decreased in late-autumn applications. The late application dates in the present study are thought to be the main cause of the limited effectiveness of the post-leaf fall autumn urea treatments. A post-leaf fall urea treatment may not be practical in the northeastern United States until a suitable chemical is found that will accelerate leaf abscission. An earlier leaf fall should also increase the effectiveness of leaf shredding.
Leaf shredding: reduction of ascospores. In the small-plot study, shredding the leaves in autumn or in spring resulted in similar percent reductions of ascospores trapped each year, and there was no further reduction when the leaf litter was shredded in autumn and again in spring. Each treatment (autumn, spring, or combined autumn and spring) resulted in similar reductions of ascospores trapped in 3 of the 4 years, but the autumn leaf-shred treatment in 1991, the spring leaf-shred treatment in 1992, and the combined treatment in 1991-92 resulted in substantially smaller reductions of ascospores trapped compared with the other 3 years. In 1991, the leaf litter was not shredded until 16 December because of difficulties with the flail mower, and the late treatment date and poor performance of the repaired mower are believed responsible for the poor results of the shredding treatment that year compared with the other 3 years. Most pseudothecia form within 4 weeks after leaf fall in the northeastern United States (12); therefore, pseudothecia may have already developed before the leaves were shredded, and low temperatures may have slowed or stopped leaf decomposition processes or microbial activities detrimental to V. inaequalis after the leaves were shredded. The spring shredding treatment in 1992 was earlier than in other years, but the leaves appeared to be as shredded as in other years, and it is not clear why the reduction in number of ascospores was not greater. It was expected that the spring urea or shredding treatment would increase in effectiveness as the number of days increased between the treatment and green tip, but no such relationship occurred. The 27 days between the spring shredding treatment and green tip in 1992 was longer than in other years and had the least effect on ascospore dose, and urea applied 7 days after green tip was more effective in reducing ascospores than treatments applied 2 to 10 days before green tip and as effective as urea applied 18 days before green tip. Weather following a treatment, particularly temperature and rain events, was most likely the major factor influencing a treatment's effectiveness, but the study was not designed to evaluate the influence of weather variables on treatment effectiveness.
Leaf shredding: reduction of leaf litter density and lesion buildup. Variability in the reduction in amount of leaf litter among the commercial orchards is attributed to the percentage of the orchard floor shredded and the influence of ground cover characteristics on the shredding process. Leaves were shredded most effectively at sites where ground cover in the orchard had been well-managed prior to leaf fall. Poor in-row weed management and tall grass in the drive row were associated with fewer shredded leaves and larger pieces of shredded leaves.
Potential of autumn shredding to reduce the number of ascospores and amount of disease if all leaf litter were shredded. The estimated potential reduction of RAD at the MR site and the AC site in the large-plot study is comparable to the reductions of ascospores trapped in the small-plot study. If all potential reductions of ascospores and foliar lesions resulting from autumn shredding in the large-plot study are averaged, shredding leaf litter over the entire orchard floor in autumn is estimated to have the potential to reduce the risk of scab by 77%. This is comparable to the 72% average reduction in number of ascospores over 4 years in the autumn leaf-shredding plots in the smallplot study. The reductions in the number of ascospores trapped in 1992 in the smallplot study are considerably less than in the other 3 years and are believed due to the very late treatment (16 December) . The 85% average reduction in number of ascospores for the other 3 years probably best reflects the potential to reduce the number of ascospores by shredding leaves in autumn, when 95% of the leaves had fallen under conditions present in the northeastern United States.
The percent reduction of leaf litter density due to sanitation should not be expected to be linearly related to the percent reduction in the number of ascospores or primary scab lesions. This is because the sanitation treatment may reduce the number of ascospores in the leaf litter that remains through its detrimental effect directly on the pathogen or through its effects on microbial organisms that are in some way detrimental to V. inaequalis. Also, some shredded leaf pieces would not have the normal horizontal orientation of leaves on the orchard floor that allows ascospore discharge upward into the orchard air, thus resulting in an immediate loss of some discharged ascospores. The autumn leaf-shredding trial at the AC site in 1986-87 provides the only data to compare the relationship between the reduction in amount of leaf litter and the reduction of ascospores and lesions. The greater reduction of ascospores, lesions on seedlings, and lesions on trees, compared with the reduction of leaf litter, could be accounted for by any of the possibilities discussed above.
Nearly all of the leaf litter was shredded at the KY site in 1990, so the results may indicate the potential effectiveness of Table 3 . Small-plot study: percent reduction of ascospores of Venturia inaequalis trapped from McIntosh and Cortland leaves that had been treated with a 5% urea solution in autumn before leaf fall, from leaf litter that had been treated with a 5% urea solution in autumn or spring, or from leaf litter that had been shredded with a flail mower in autumn and/or spring w Days from treatment in spring to the green tip stage of fruit bud development.
x Mean number of ascospores trapped followed by "a" is significantly different from untreated check at P = 0.05; number followed by "b" is significantly different from check at P = 0.1. y Ascospores were trapped from scabbed leaves treated with urea that had been placed on a sod lawn on 24 April 1990. z Ascospores were trapped from scabbed leaves that had been placed on a sod lawn on 2 May 1990 and treated with urea.
spring shredding to reduce the number of ascospores and primary lesions on leaves. The spring treatment was evaluated only 1 year in the large-plot study, but the 89% reduction in number of ascospores was comparable to the 83% reduction in number of ascospores in the three spring leafshredding treatments in April in the smallplot study. Reduction in number of foliar and fruit scab lesions. The percent reduction in number of lesions in orchard trees may not have identified a treatment's full effect on lowering the primary inoculum. The first fungicide was not applied until petal fall or fruit set at five sites (after two to six infection periods had occurred), so secondary lesions resulting from infections by conidia produced on primary lesions may have been included in the assessment. If so, the percent reduction in number of lesions in the sanitation plots would have been less than would have occurred if only primary inoculum had been present. However, shredding was not very effective in reducing the amount of leaf litter at the AW site, and that could also account for the low reduction in number of lesions. Placement of seedling trees in treatment and check plots for 1 day during a rain event in the primary season overcomes the uncertainty of inoculum source because the seedlings were placed in row alleys outside tree canopies. Most, if not all, lesions would be expected to develop from infections by ascospores, because conidia are splash-dispersed mainly within a tree's canopy. Thus, the estimated 92% potential reduction in number of foliar lesions on seedlings placed in the two autumn-shredded plots on 8 rainy days may be a better indication of the potential of autumn shredding to reduce the risk of primary scab.
Potential use of sanitation in integrated pest management (IPM) programs. The relationship between the concentration of airborne ascospores of V. inaequalis and the number of lesions that develop is linear (4), so the percent reduction of airborne ascospores collected from treated leaves is also a measure of the percent reduction in lesions one can expect. With respect to scab management, the percent reduction in number of ascospores can be considered to identify the percent reduction in the risk of primary scab. Shredding the leaf litter or treating the leaf litter with urea in autumn or early spring before bud break should, conservatively, reduce the risk of primary scab by 50%. Thus, there would be 50% fewer lesions developed on leaves and fruit from each primary infection period. Is this reduction sufficient to make sanitation economically feasible, and when is sanitation justified?
Potential ascospore dose (PAD) is defined as the predicted production of ascospores per square meter of orchard floor (14) . MacHardy (35, 36) proposed an action threshold based on PAD and a sanitation threshold that related to the PAD action threshold. The PAD action threshold stated that an orchard assessed at ≤600 PAD could be left untreated by fungicide until pink unless three infection periods occurred before pink. The sanitation action threshold is a range of predicted ascosporic inoculum (PAD) above the PAD action threshold within which sanitation would reduce the PAD to below the PAD action threshold and, as a consequence, allow a reduction in the fungicide dose needed to control scab. This would provide economic justification for a sanitation treatment.
The incidence of foliar scab lesions in autumn is the most variable input in calculating PAD. Analysis of the relationship between the autumn assessment and the number of early-season infection periods that could be left unprotected by fungicide without increasing the incidence of scabbed fruit at harvest has resulted in a scab-risk action threshold based only on the autumn assessment, rather than a calculation of PAD (48) . The scab-risk action threshold states that if the number of scabbed leaves on 600 extension shoots is ≤50, the first fungicide spray can be delayed until pink or until after three infection periods, but before the fourth infection period, whichever comes first. When all reductions of ascospores, leaf litter, and lesions in the sanitation plots are considered, a conservative reduction of risk resulting from a sanitation treatment is estimated to be 50%. This reasoning is the basis for the following sanitation action threshold related to the action threshold stated above: if the number of scabbed leaves in the autumn assessment is 50 to 100, the grower should select a sanitation treatment (leaf shredding or urea), perform the treatment, and delay the first fungicide spray according to the action threshold (48) . If the number of scabbed leaves in an autumn assessment is greater than 100, the full-season fungicide program to control scab should be followed (48) . The sanitation action threshold is based on the conservative estimate of reduced risk. It excludes orchards with an autumn assessment of 100 to 200 scabbed leaves on 600 shoots that would qualify for a sanitation program if the effectiveness of sanitation in reducing risk was set at 80%. Reducing the risk of scab 80% is equivalent to having 80% fewer scabbed leaves in the leaf litter and may be justified if (i) the orchard has moderate scab (100 to 200 scabbed leaves on 600 shoots) and tree and ground cover features associated with the greatest reductions in numbers of ascospores and lesions and (ii) sanitation can be performed at the time of year the treatment has shown to be most effective. For other regions, the results are suggestive that a reduction in risk of scab greater than 80% is likely if (i) leaf fall allows a longer interval between an autumn sanitation treatment and the onset of winter conditions, (ii) the winters are milder, (iii) there is little or no snow cover, and (iv) the winters are not too dry. Shredding the leaf litter in autumn or spring with a flail mower is a promising new sanitation practice, but modification that permits nearly complete shredding is needed to achieve a reduction in scab risk greater than 80%.
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